The neurotoxic effects of tributyltin (TBT), an endocrine-disrupting chemical, were evaluated in organotypic slice cultures of immature rat hippocampus. Confocal microscopy study with propidium iodide showed that TBT induced severe neuronal death in a concentration-and time-dependent manner with CA3 \ CA1\ dentate gyrus ranking of vulnerability of the hippocampal subfields. Dead or damaged neurons exhibited chromatin condensation, which is one of the morphological characteristics of apoptosis, as revealed by acridine orange staining. TBT neurotoxicity was alleviated by application of free radical scavengers or antioxidants, such as catalase, superoxide dismutase, Trolox and a-tocopherol but not by ascorbic acid or N-acetyl-L-cysteine, which suggests an involvement of free radicals, particularly reactive oxygen species. Neurons displayed a long-lasting increase in intracellular Ca 2 + concentrations after TBT treatment. Although neither N-methyl-D-aspartate (NMDA) receptor inhibitors nor voltage-sensitive Ca 2 + channel blockers protected hippocampal neurons against TBT neurotoxicity, non-NMDA receptor antagonist completely prevented TBT-induced neurodegeneration. These data suggest that TBT provokes apoptosis-like neuronal cell death, which might be mediated by intracellular Ca 2 + elevation and free radical generation via non-NMDA receptor activation.
Introduction
Although tributyltin (TBT), one of the organotin compounds, has been widely utilized in the production of biocides and in the stabilization of polyvinyl chloride for a long period of time (Piver, 1973) , it has recently received much attention as an endocrine-disrupting chemical because of its environmental and health hazards. The compound develops a concentration-and time-dependent 'imposex', which consists of a superimposition of male characteristics onto a reproductive anatomy in female animals of the dioecious snail such as Nassarius obsoletus Say (Smith, 1981) and Neogastropod molluscs (Horiguchi et al., 1998) . This anatomical aberration is likely a consequence of the inhibition by TBT of aromatase cytochrome P450, which catalyzes the aromatization of androgens to estrogens (Bettin et al., 1996; Sumpter, 1998) .
Although there are several reports indicating that intoxication of humans or experimental animals with organotin compounds causes epilepsy and amnesia (Kreyberg et al., 1992; Feldman et al., 1993; Tsunashima et al., 1998) , the toxicity for mammals is not completely elucidated. Very recently, we showed that TBT possessed diverse pharmacological properties in mammalian tissues (Mizuhashi et al., 2000) . Therefore, it is plausible that TBT expresses an unidentified effect on humans because TBT might accumulate in the body, and even be passed on to descendants through food intake such as fish and shellfish inhabiting TBTpolluted environments (Ueno et al., 1999) . Experimentally, TBT has also been used extensively as a research tool because of its potent pro-apoptotic action on various types of cells, including thymocytes (Aw et al., 1990; Raffray et al., 1993; Zucker et al., 1994) , hepatocytes (Reader et al., 1999) , neurons (Thompson et al., 1996) and pheochromocytoma PC12 (Kelve et al., 1994; Lauc et al., 1994; Viviani et al., 1995) . However, few previous studies have addressed the effect of TBT on the nervous system whereas organotins might induce
